Tumor hypoxia modifies the efficacy of conventional anticancer therapy and promotes malignant tumor progression. Human chorionic gonadotropin (hCG) is a glycoprotein secreted during pregnancy that has been used to monitor tumor burden in xenografts engineered to express this marker. We adapted this approach to use urinary B-hCG as a secreted reporter protein for tumor hypoxia. We used a hypoxiainducible promoter containing five tandem repeats of the hypoxia-response element (HRE) ligated upstream of the b-hCG gene. This construct was stably integrated into two different cancer cell lines, FaDu, a human head and neck squamous cell carcinoma, and RKO, a human colorectal cancer cell line. In vitro studies showed that tumor cells stably transfected with this plasmid construct secrete B-hCG in response to hypoxia or hypoxia-inducible factor 1A (HIF-1A) stabilizing agents. The hypoxia responsiveness of this construct can be blocked by treatment with agents that affect the HIF-1A pathways, including topotecan, 1-benzyl-3-(5V -hydroxymethyl-2V -furyl)indazole (YC-1), and flavopiridol. Immunofluorescent analysis of tumor sections and quantitative assessment with flow cytometry indicate colocalization between B-hCG and 2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-pentafluoropropyl)acetamide (EF5) and B-hCG and pimonidazole, two extrinsic markers for tumor hypoxia. Secretion of B-hCG from xenografts that contain these stable constructs is directly responsive to changes in tumor oxygenation, including exposure of the animals to 10% O 2 and tumor bed irradiation. Similarly, urinary B-hCG levels decline after treatment with flavopiridol, an inhibitor of HIF-1 transactivation. This effect was observed only in tumor cells expressing a HRE-regulated reporter gene and not in tumor cells expressing a cytomegalovirus-regulated reporter gene. The 5HRE B-hCG reporter system described here enables serial, noninvasive monitoring of tumor hypoxia in a mouse model by measuring a urinary reporter protein. (Cancer Res 2005; 65(14): 6151-8) 
Introduction
Tumor hypoxia is a major determinant of the malignant progression of transformed cells and their response to therapy. It has been shown to promote tumor progression through the selection of tumor cells with diminished apoptotic potential, stimulate proangiogenic gene expression, and increase metastatic potential (1) . Clinical studies have shown a strong correlation between pretreatment tumor pO 2 and tumor control and survival in patients with head and neck cancers (2, 3) and cervical cancers (4) (5) (6) . Clinical and preclinical studies have also indicated that hypoxia increases tumor invasiveness and dissemination in several human solid tumor types (7) (8) (9) (10) .
At the molecular level, hypoxia-inducible factor 1 (HIF-1) is an important transcription factor that regulates gene expression under hypoxic conditions (11) . Over three dozen HIF-1-regulated genes have been identified to date (12, 13) . The protein products of these genes play key roles in angiogenesis, vascular remodeling, glucose metabolism, cell proliferation, and cell survival. Recent studies suggest that HIF-1 is a novel target for anticancer therapy and many research groups are actively developing small molecular inhibitors of HIF-1 (14) (15) (16) . Therefore, a noninvasive and costeffective system to monitor tumor hypoxia in vivo would aid in determining the efficacy of targeted therapy to HIF-1 or other hypoxia-regulated genes or proteins.
Various methods have been developed for assessing tumor hypoxia in xenograft tumor models and in patients (17) (18) (19) (20) (21) . Most approaches only allow assessment of tumor hypoxia only at a single time point, as it is often necessary to remove the tumor or to sacrifice the animal at the time of hypoxia measurement. Only few methods can be used for serial measurements of tumor hypoxia. These include various oxygen sensing devices and hypoxia imaging techniques (22) (23) (24) . The oxygen sensing devices, such as needle electrodes, can only access superficial tumors, are highly dependent on the technical skill of the user, and often fail to distinguish viable hypoxic cells from necrosis (25, 26) . Imaging studies have also been developed to monitor hypoxia-induced stability of reporter proteins, such as luciferase (27) , or HIF-1 reporter gene activity, such as positron emission tomography (PET) imaging of the 2V - [ 18 F]flouro-2Vdeoxy-1h-D-arabionofuranosyl-5-ethyl-uracil (FEAU) product of a HIF-1-driven herpes simplex virus type 1 thymidine kinase/green fluorescent protein fusion (23, 24) , but these approaches often require expensive dedicated animal imaging facilities and local imaging expertise for optimal results. Our goal was therefore to develop a noninvasive, rapid, and inexpensive system for dynamic monitoring of tumor hypoxia in living animals.
Human chorionic gonadotropin (hCG) is a glycoprotein normally secreted by syncytiotrophoblasts during pregnancy and has long been used as a sensitive and specific marker for pregnancy. h-hCG is readily measured in both serum and urine and has been used for the diagnosis and monitoring of pregnancy. Shih et al. (28) have previously developed a system using h-hCG engineered to be constitutively secreted from implanted tumor xenografts to monitor tumor growth and treatment response through a simple urine test. We have modified this approach by engineering a hypoxia-inducible promoter containing five tandem repeats of the hypoxia responsive element (HRE; ref. 29) ligated upstream of the b-hCG gene. We showed that tumor cells stably transfected with this construct secreted h-hCG in response to hypoxia and other HIF-1a stabilizing agents, and that the hypoxia responsiveness of this construct was blocked by treatment with agents targeting the HIF-1 pathway, including topotecan, 1-benzyl-3-(5V -hydroxymethyl-2V -furyl)indazole (YC-1), and, less directly, flavopiridol. Tumors growing from these cells also showed partial colocalization between h-hCG staining and EF5, a known marker for tumor hypoxia (30) . Urinary secretion of h-hCG in xenografts expressing these stable constructs showed hypoxia-responsiveness to different manipulations of tumor oxygenation. Treatment with flavopiridol, a drug that decreases the stability of inducible mRNAs (31), including HIF-1a targets such as vascular endothelial growth factor (32), blocked h-hCG secretion in vitro and in mice bearing these engineered tumors. We conclude that the 5HRE h-hCG reporter system described here enables serial, noninvasive monitoring of tumor hypoxia in a mouse model, and that it can potentially be used for in vivo studies to evaluate the efficacy of drugs targeting the HIF-1a pathway.
Materials and Methods
Materials. The pVSneo-hCG that expresses h-hCG under a constitutive cytomegalovirus (CMV) promoter was purchased from Promega (Madison, WI). Plasmids containing stabilized human HIF-1a cDNA and HIF-1a lacking a transactivation domain were generously provided by Denise Chan and Fiona Kaper (Department of Radiation Oncology, Stanford University, Stanford, CA), respectively. The stabilized HIF-1a vector contains mutations that inhibit HIF-1a hydroxylation (33, 34) . The HIF-1a vector (GenBank accession no. NM_001530) that lacks a transactivation domain was generated by removing a cytosine from site 2,768 on the cDNA, thus creating a frame-shift mutation. There is also a point mutation that changes threonine 123 into an alanine. The frame shift upstream the transactivation domain creates a protein that can bind to the hypoxia-response element (HRE) but not produce mRNA from the target gene. The cell lines FaDu (human head and neck squamous carcinoma cells) and RKO (human colorectal carcinoma cells) were purchased from the American Type Culture Collection (Manassas, VA) and cultured in DMEM + 10% fetal bovine serum.
Vector construction. To generate a hypoxia-responsive h-hCG expression vector, the b-hCG gene was amplified by PCR from the pVSneo-hCG vector and engineered to contain the NcoI and NotI restriction sites at the 5V and 3V ends, respectively. This product was ligated into the same restriction sites in the 5HRE-hCMVmp d2eGFP vectors (35) , replacing d2eGFP with h-hCG. DNA sequencing was used to verify the resulting sequences. The 5HRE-hCMVmp promoter contains five tandem repeats of the HRE (CCACAGTGCATACGTGGGCTCCAACAGGTCCTCTT) placed upstream to a CMV minimal promoter. The 5HRE-hCMVmp h-hCG vector will be referred to as 5HRE h-hCG.
Transfection and selection of clones. FaDu and RKO cells (1 Â 10 6 ) were transfected with 2 Ag of 5HRE h-hCG and CMV h-hCG using the Lipofectamine PLUS reagents (Invitrogen, Carlsbad, CA) according to the protocol of the manufacturer. Stable transfectants were selected in G418-containing media and single clones were isolated. Mitomycin C-pretreated feeder cells were used to promote growth of the single clones. Each clone was assayed for h-hCG expression by electrochemiluminescent immunoassay, described below, and the highest expressing clones were selected for subsequent experiments. Two to three clones were selected for further analysis on the basis of high h-hCG expression. The following stable clones were generated: RKO and FaDu cells that contain the constitutive h-hCG vector pVSneo-hCG (CMV-RKO and CMV-FaDu) and RKO and FaDu cells that contain the 5HRE-h-hCG vector (5HRE-RKO and 5HRE-FaDu).
Human B-chorionic gonadotropin and creatinine assays. h-hCG was measured using the Elecsys 2010 immunoassay (Roche Diagnostics, Indianapolis, IN), which is an electrochemiluminescent immunoassay that recognizes both intact human chorionic gonadotropin and the free h-chain. The overall imprecision was less than 5% coefficient of variation. A 10-fold dilution of mouse urine in Roche Universal Diluent (Roche Diagnostics) was generally done before electrochemiluminescent immunoassay analysis. Urinary h-hCG results were corrected for urine creatinine concentration, which was analyzed on Vitros 950 (Ortho-Clinical Diagnostics, Raritan, NJ).
Cell culture assays for human B-chorionic gonadotropin. Cells were seeded at 3 Â 10 5 per well, allowed to settle overnight, washed with PBS, and exposed to either normoxia, 2% O 2 (intermediate hypoxia), or <0.1% O 2 (extreme hypoxia) in humidified 37jC chambers for 24 hours. In parallel, cells were treated for 24 hours with 50 Amol/L desferrioxamine (an iron chelator that stabilizes HIF-1a) or 5 mmol/L dimethyloxallyl glycine (a proline hydroxylase inhibitor). A separate set of cells was subjected to 24 hours of <0.1% O 2 , followed by 0, 24, or 48 hours of reoxygenation, with media replacement every 24 hours. For all in vitro assays, secreted h-hCG was measured by electrochemiluminescent immunoassay as described above and adjusted to the total cell number at the end of the experiment. Cell lysates were generated by lysing cells in 150 mmol/L sodium chloride, 10 mmol/L Tris (pH 7.5), 0.1% SDS, 1% Triton X-100, and 0.5% deoxycholate, and intracellular h-hCG levels were assayed by electrochemiluminescent immunoassay.
Hypoxia-inducible factor 1A transfection. Approximately 1 Â 10 5 5HRE-RKO cells were transiently transfected with 0.4 Ag of stabilized HIF-1a, empty vector, or HIF-1a lacking a transactivation domain using Lipofectamine PLUS reagents (Invitrogen). Cotransfection with 0.04 Ag h-galactosidase cDNA (Promega) was used to correct for transfection efficiency. Eighteen hours after the start of transfection, the media was replaced and h-hCG was allowed to accumulate in the new media for 24 hours. Cells treated with <0.1% O 2 were used as a positive control. Measured h-hCG levels were corrected for transfection efficiency. Topotecan treatment. 5HRE-RKO and CMV-RKO cells were subjected to 2, 5, and 10 Amol/L topotecan (LKT Laboratories, Inc., St. Paul, MN) under <0.1% O 2 for 24 hours. To distinguish anti-HIF-1a effects from nonspecific effects on cell proliferation and viability, we calculated the ratio of h-hCG secretion in 5HRE-RKO and CMV-RKO cells, and arbitrarily assigned the ratio of 5HRE hypoxic treatment to CMV hypoxic treatment without topotecan as 1.
Flavopiridol treatment. Approximately 1.3 Â 10 5 cells were treated with 24 hours of normoxia, hypoxia (<0.1% O 2 ), or hypoxia with 100 nmol/L flavopiridol (Aventis Pharmaceutical, Inc., Bridgewater, NJ). The ratio of secreted h-hCG from 5HRE to CMV cells was calculated. To allow for easy comparison, the ratio of 5HRE to CMV secretion without flavopiridol treatment under hypoxia was arbitrarily set to 1. To confirm that flavopiridol blocks 5HRE reporter protein induction under hypoxia rather than protein secretion, transient luciferase transfections were done with both 5HRE-firefly luciferase plasmids (0.36 Ag) and CMV-Renilla luciferase plasmids (0.04 Ag) in 1 Â 10 5 FaDu cells. Both luciferase protein species were assayed using the Dual-Luciferase kit (Promega) and the ratio of firefly/Renilla was calculated. The ratio of firefly/Renilla under hypoxia without flavopiridol was also set to 1.
Northern blot. Cells were lysed with TRIzol reagent (Gibco BRL, Gaithersburg, MD) and total RNA was extracted according to the protocol of the manufacturer. Eight micrograms of RNA per lane were denatured with glyoxal and DMSO, subjected to electrophoresis on a 1% agarose/ sodium phosphate gel, transferred to a nylon membrane, UV cross-linked, and hybridized with a 32 P-labeled h-hCG probe. Radioactivity was exposed to a phosphor screen and visualized on a Storm 860 scanner (Amersham Biosciences, Piscataway, NJ).
Animal studies. Animal protocols were approved by the Institutional Animal Care and Use Committee at Stanford University. Tumor xenografts were formed by injecting cells intradermally into severe combined immunodeficiency (SCID) BALB/c mice (The Jackson Laboratory, Bar Harbor, ME). The mice were maintained under pathogen-free conditions. Urine collection. Mice were placed on 96-well plates (Nalge Nunc International, Rochester, NY) that line the bottom of a standard mouse cage with food and water. Urine specimens were collected from the wells for 2 to 6 hours and frozen at À20jC until assayed. At each collection, tumor length and width were recorded. Tumor volume was calculated according to the equation (length Â width 2 Â p / 6), where width was the shorter dimension. In the experiments in which mice were treated to 10% oxygen, the height dimension was also recorded for greater accuracy. For these experiments, volume was calculated according to the equation (length Â width Â height Â k / 6). At the time of sacrifice, the tumor was removed and weighed.
Tumor bed irradiation. The lower backs of mice were irradiated with a single fraction of 20 Gy ionizing radiation 11 days before tumor cell implantation, an established procedure that increases hypoxia in implanted tumors (36) . Irradiation was delivered with a 250 kVp X-ray unit (250 mA, 0.5 copper filter, 1.54 Gy/min) while the mice were inside a lead-shielded chamber, exposing only the lower backs. Nonirradiated mice injected with the same tumor cells in the same location were used as controls. Urine was collected just before sacrifice, and urinary h-hCG was corrected for creatinine and the mass of the excised tumor. Unirradiated mice were sacrificed 6 weeks after implantation and, due to slow growth in irradiated tumor beds, the irradiated mice were sacrificed 16 weeks after implantation.
Ten percent oxygen breathing. Mice with 5HRE-RKO xenografts were placed in a sealed environment chamber that was infused with 10% oxygen and 90% nitrogen (Praxair, San Carlos, CA) for 72 hours. Control mice with matched tumor volumes were maintained in room air. Urine samples were collected daily during and up to 5 days after 10% oxygen treatment and assayed for h-hCG and creatinine.
Flavopiridol treatment in vivo. Mice were injected with 5 Â 10 6 5HRE-FaDu cells and the tumors were allowed to grow to f400 mm 3 . Mice were injected with 5 mg/kg flavopiridol daily for 10 days or with 10% DMSO in saline for control. Urine was collected every 1 to 2 days starting just before the first injection and assayed for h-hCG and creatinine.
2-(2-Nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-pentafluoropropyl)acetamide or pimonidazole treatment and immunofluorescence. Ninety minutes before sacrifice, each animal received a 0.1-mL i.p. injection of 10 mmol/L EF5 per 10 g body weight or pimonidazole at a dose of 100 mg/ kg. After sacrifice, the tumor was removed, frozen in liquid nitrogen, and stored at À80jC until assayed. For tissue staining, 14 Am sections were made on a cryostat, fixed in 4% paraformaldehyde in PBS (1 hour at 4jC), and washed thrice in ice-cold PBS. Blocking was done overnight at 4jC in PBS with 0.3% Tween 20, 1.5% bovine serum albumin (BSA), 20% skim milk, and 5% heat-inactivated mouse serum (30 minutes, 56jC). After washing, EF5 adducts were stained with the mouse monoclonal ELK3-51-Cy3 antibody at 80 Ag/mL (1). All antibodies were diluted in PBS, 0.3% Tween 20, and 1.5% BSA. h-hCG was stained with a mouse anti-h-hCG primary antibody (NeoMarkers, Fremont, CA) at 1:100 dilution for 6 hours at 4jC, followed by washing and staining with a goat anti-mouse Alexa Flour 488 fluorochrome-conjugated secondary antibody (Molecular Probes, Eugene, OR) overnight at 4jC. The sections were visualized with VectaShield with 1.5 Ag/mL 4V,6-diamidino-2-phenylindole (DAPI; Molecular Probes) on a fluorescence microscope with filters for propidium iodide ( for EF5-Cy3), FITC ( for h-hCG-Alexa Flour 488), and UV (DAPI).
Flow cytometric analysis for pimonidazole was done with the appropriate antibodies as previously described (37, 38) . Approximately 2 Â 10 6 cells were used for each experiment. All experiments were done in duplicate and repeated at least once. RKO cells cultured under hypoxia (2% and <0.1% O 2 ) were used as positive controls. As a negative control, we omitted either the primary or secondary antibody during the staining process. Fluorescence data were acquired and analyzed as previously described (37) Statistical analysis. Statistical analysis was done using Statview (SAS Institute, Inc., Cary, NC) statistical software. Student's t test was used to compare the h-hCG levels for control and treated mice in the tumor bed irradiation and flavopiridol experiments (39) .
Results
In vitro studies. We engineered a HIF-1a responsive vector that selectively up-regulates h-hCG under hypoxia in two separate cell lines: 5HRE-RKO, a colorectal adenocarcinoma cell line, and 5HRE-FaDu, a pharyngeal squamous cell carcinoma cell line. Figure 1 shows very strong induction of h-hCG mRNA (Fig. 1A) , intracellular protein (data not shown), and secreted protein (Fig. 1B) under hypoxia. Returning the samples to aerobic conditions (reoxygenation) resulted in a rapid reduction in hhCG mRNA but a less rapid reduction in the cellular and secreted protein levels. Kinetic analysis indicated that the maximal induction of the secreted protein levels occurred at 24 hours of hypoxic treatment, in which there was a 46-fold increase in h-hCG secretion per 5HRE-RKO cell under hypoxia compared with normoxia (data not shown). A similar response was noted in 5HRE-FaDu cell lines with a 33-fold induction (data not shown). We observed hypoxic induction of h-hCG at both 2% and <0.1% oxygen in 5HRE-RKO cells, with slightly higher induction under more stringent hypoxia (Fig. 1C) . Treatment with the hypoxia mimetics desferrioxamine (50 Amol/L) and dimethyloxallyl glycine (5 mmol/L) for 24 hours under normoxia resulted in a similar induction of h-hCG protein secretion as with treatment for 24 hours under hypoxia (Fig. 1C) . The CMV-RKO stable cell lines, containing the vector pVSneo-hCG, showed only a small increase in constitutive h-hCG secretion (<1.7-fold compared with >33-fold for the 5HRE-RKO cells) after treatment with either hypoxiamimetic drugs or hypoxia, presumably related to some cell death and lysis with hypoxia and drug treatment (Fig. 1D) . All in vitro experiments were done in triplicate in at least two independent experiments. The mean and SD of the data are shown.
To confirm that h-hCG is a reporter gene for HIF-1a activity, we transiently transfected 5HRE-RKO cells with plasmids containing a copy of stabilized HIF-1a, which has point mutations in proline 402 and proline 564 that stabilize HIF-1a levels under oxygenated conditions (34) . A vector for HIF-1a lacking a functional transactivation domain was used as a negative control. Cotransfection with a plasmid containing the h-galactosidase cDNA was used to control for transfection efficiency. Overexpression of stabilized HIF-1a resulted in increased h-hCG protein secretion when compared with the vector control or to the HIF-1a lacking a transactivation domain ( Fig. 2A) , confirming that secreted h-hCG is a reporter protein for HIF-1a activity. In addition, 24-hour treatment with increasing concentrations of topotecan, a drug that has been shown to have an inhibitory effect on HIF-1a activity (40, 41) , resulted in a dosedependent inhibition of h-hCG secretion under hypoxia in 5HRE-RKO cells but minimal effect on h-hCG secretion in CMV-RKO cells. Figure 2B shows the ratio of secreted h-hCG in 5HRE-RKO cells to the secreted h-hCG in CMV-RKO cells. To distinguish anti-HIF-1a effects from nonspecific effects on cell proliferation and viability, we calculated the ratio of h-hCG secretion in 5HRE-RKO and CMV-RKO cells, and arbitrarily assigned the ratio of 5HRE hypoxic treatment to CMV hypoxic treatment without topotecan as 1 with all other results normalized to this number for ease of interpretation. We obtained similar results using 1-benzyl-3-(5V-hydroxymethyl-2V -furyl)indazole (YC-1; A.G. Scientific, San Diego, CA), another compound targeting the HIF-1 pathway (data not shown; ref. 42) .
In vivo studies. Intradermal implantation of CMV-RKO cells, transfected with the constitutive h-hCG vector pVSneo-hCG, into SCID mice showed that urinary h-hCG correlated with tumor volume, as previously described (ref. 28 ; Fig. 3A) , whereas the hypoxia-responsive tumor cells 5HRE-RKO showed significantly less expression for the same tumor volume (Fig. 3A, inset). Similar data were obtained for the CMV-FaDu and 5HRE-FaDu cell lines (data not shown). Manipulations of tumor oxygenation showed that increasing hypoxia resulted in elevated urinary h-hCG secretion. Subjecting mice with 5HRE-RKO xenografts to 72 hours of breathing 10% oxygen increased urinary h-hCG up to 5.7-fold over the mice breathing room air (21% oxygen; Fig. 3B ). Similarly, irradiation of the tumor implantation site before tumor inoculation, a procedure that increases tumor hypoxia (36) , resulted in elevated urinary h-hCG 5.8-fold over unirradiated controls in 5HRE-FaDu-bearing mice (P = 0.02, Mann-Whitney; Fig. 3C ).
Immunohistochemical staining of EF5, a known extrinsic hypoxia marker (30) , and h-hCG expression show colocalization of the two markers, with both staining the perinecrotic areas of the tumor (Fig. 4A) . However, the colocalization of the two markers is not 100%, as the oxygen dependence and kinetics of HIF-1 activation and hypoxia marker bindings are not identical (43) .
We also did quantitative assessment of urinary h-hCG and misonidazole staining in 5HRE-RKO tumors (Fig. 4B ) using flow cytometry. There was a significant correlation between urinary h-hCG and pimonidazole staining in the mice evaluated (r 2 = 0.40, P = 0.0037; Fig. 4B ). A similar increase in both urinary h-hCG levels and pimonidazole staining was observed when the mice were treated with 3 days of 10% O 2 (n = 10) compared with roomair controls (n = 10; Fig. 4C ).
Flavopiridol studies. Treatment of 5HRE-FaDu cells with 100 nmol/L flavopiridol significantly inhibited h-hCG secretion under hypoxia whereas there was minimal effect on h-hCG secretion of CMV-FaDu or CMV-RKO cells (Fig 5A) . Flavopiridol had the same effect on FaDu cells transfected with 5HRE-luciferase and CMVluciferase (Fig. 5B) , illustrating that flavopiridol does not inhibit secretion per se. Mice were matched for pretreatment urinary h-hCG levels before being assigned to treatment with either flavopiridol or DMSO alone. Whereas control mice treated with daily DMSO injection had rising h-hCG levels, those treated with daily flavopiridol injections had stable urinary h-hCG levels and the difference between the 2 groups was f2-fold (P = 0.09, n = 17 mice/group; Fig. 5C ) starting after day 5. We observed a similar 2-fold difference in a smaller cohort of mice (n = 5 for each treatment group) treated with 5 days of flavopiridol (data not shown). Because the two curves seemed to remain stably separated after day 5, we pooled the urinary h-hCG values for days 6, 8, and 10 together and compared the pooled values for two treatment groups (Fig. 5 ). There was a significant difference in the mean urinary h-hCG level for the flavopiridol-treated mice compared with that of control mice (0.65 +/À 0.06 for flavopiridol versus 1.28 +/À 0.25 for control; P = 0.01). Immunoblot analysis showed no inhibition of HIF-1a protein accumulation on exposure to 100 nmol/L flavopiridol (data not shown) at either 6 or 24 hours of hypoxia, suggesting that the drug does not directly affect HIF-1a protein expression but rather its transactivating activity or the expression of downstream HIF-1 targets.
Discussion
The system described here allows real-time, noninvasive monitoring of tumor hypoxia before and after interventions in live animals. Theoretically, this system should work for both s.c. tumors, as shown here, as well as orthotopically implanted tumors, although further testing will be needed to validate this hypothesis. In comparison with other systems that allow for serial measurement of hypoxia, such as oxygen sensing devices or imaging approaches, the urinary h-hCG system is simple, noninvasive, and does not require expensive imaging equipments.
HIF-1a-mediated gene transcription represents a major hypoxia regulated signaling pathway and is a valid therapeutic target (16, 44) . Recent data demonstrating that HIF-1a cooperates with other oncogenic signaling pathways contribute to the anticancer strategy for inhibiting this factor (45) (46) (47) (48) . Current approaches include the use of antisense constructs (49) , small molecule inhibitors of the HIF-1 pathway (15, 40, 41) , and methods of destabilizing the protein (16) . However, one of the biggest challenges for the future development of HIF-1 inhibitors lies in the establishment of surrogate markers that are sensitive enough for in vivo and clinical testing of these agents. Noninvasive imaging techniques using imidazole-and non-imidazole-based agents coupled with PET and single-photon emission computed tomography hold promise but are still at early stage of development and may not have sufficient resolution to provide quantitative information on the efficacy of new HIF-1 inhibitors (22, 50) . Similarly, strategies that use optical imaging to assess changes in HIF stability require an imaging facility with the prerequisite cameras. More recently, Serganova et al. (23) described an elegant approach using PET to image FEAU products of an 8HRE-driven herpes simplex virus type 1 thymidine kinase/green fluorescent protein gene fusion. In vitro and in vivo studies showed responsiveness of this construct to changes in concentrations of oxygen and hypoxia mimetic and in induction of acute hypoxia by ischemia-reperfusion injury. However, this approach requires a dedicated animal PET scanner and local imaging expertise. The method described by our group using 5HRE h-hCG reporter gene has the potential for studying novel hypoxia-targeted drugs and HIF-1a inhibitors in both cell cultures and transplanted tumors in a rapid and inexpensive manner.
A pitfall of this approach is its reliance on measurements of tumor volume with calipers for h-hCG normalization. Although tumor volume is commonly used to assess tumor growth and treatment response in xenograft models, they are error-prone, highly subjected to interobserver variability, and do not take into account nonviable or necrotic regions in the tumors that do not produce or secrete h-hCG. A better approach is to normalize the h-hCG levels to the levels of another secreted marker that is either engineered to be constitutively secreted by the tumor cells or spontaneously produced and secreted by the tumor cells themselves. In addition, this second marker has to be efficiently filtered through the renal glomeruli and directly secreted into the urine for ease of noninvasive measurement. One such candidate marker is the n or E immunoglobulin light chain. We are in the process of exploring this dual marker concept to overcome the previously stated problems associated with caliper measurements.
Although our xenograft study with 5HRE-FaDu cells and flavopiridol showed a wide variability in the urinary h-hCG Figure 2 . Confirmation of 5HRE h-hCG as a HIF-1 reporter gene. A, electrochemiluminescent immunoassay studies showing enhanced h-hCG secretion in RKO cell conditioned media after transfection with plasmids containing stabilized HIF-1a cDNA (HIF-1a, stable ), but not with plasmids containing the HIF-1a cDNA lacking the transactivation domain (HIF-1a, no TAD ). B, electrochemiluminescent immunoassay studies in RKO cells showing decreased h-hCG reporter protein in conditioned media after 24 hours of treatment with increasing concentrations of topotecan, a known HIF-1a inhibitor. Because topotecan selectively suppressed h-hCG production only in the HIF-1-dependent 5HRE-RKO cells but not in the constitutively active CMV-RKO cells, h-hCG concentrations were expressed as a ratio of that produced by 5HRE-RKO cells to that of CMV-RKO cells, and the ratio of 5HRE hypoxic treatment to CMV hypoxic treatment without topotecan was arbitrarily assigned as 1 for ease of comparison. The results from normoxia-and topotecan-treated cells were normalized to this number.
A Noninvasive Approach to Monitor Tumor Hypoxia www.aacrjournals.org measurements, we did observe a progressive increase in the levels of secreted urinary h-hCG in most saline-treated mice, whereas the levels in the flavopiridol-treated mice remained the same or declined in most mice. Starting from day 5 of treatment, the difference in the urinary h-hCG levels between Figure 3 . Characterization of the 5HRE h-hCG system in transplanted tumors in immunodeficient mice. A, relationship between urinary h-hCG and tumor size. Dashed line, relationship between urinary h-hCG levels (corrected for urine creatinine) and tumor size in CMV-RKO xenografts constitutively producing h-hCG. Solid line and inset, relationship between urinary h-hCG levels (corrected for urine creatinine) and tumor size in HIF-1a-responsive 5HRE-RKO xenografts. Points, average value for 10 urine samples and the corresponding tumor volume measurements; bars, SE. Thirty mice were used for this experiment, 15 for CMV-RKO tumors, and 15 for 5HRE-RKO tumors. B, expression of urinary h-hCG in response to different manipulations of tumor oxygenation. Solid line, rapid increase in urinary h-hCG level when 5HRE-RKO tumor-bearing mice were placed in a 10% O 2 chamber (solid arrow ) for 72 hours. Urinary h-hCG subsequently returned to near pretreatment level when the mice were removed from the chamber (dashed arrow ). Dashed curve, urinary h-hCG levels for a separate control group of mice that were matched for tumor size and maintained at room air (21% O 2 ) for the duration of the experiment. Points, average value of four mice; bars, SE. C, increased urinary h-hCG levels in 5HRE-FaDu xenografts that received tumor bed irradiation (n = 3) compared with unirradiated controls (n = 5). Because tumors growing in irradiated tumor beds grow slower than control tumors, mice with unirradiated tumor beds were sacrificed 6 weeks after injection, whereas those with irradiated tumor beds were sacrificed after 16 weeks. Urine was collected before sacrifice, assayed for h-hCG and creatinine, and these values were corrected for the mass of the excised tumor. Columns, average; bars, SE (P = 0.02, Mann-Whitney). Figure 4 . A, colocalization between h-hCG and EF5 in 5HRE-RKO xenografts. Mice were injected with EF5 1.5 hours before sacrifice and flash-frozen tumors were stained for both h-hCG and EF5. b-hCG, immunofluorescent staining of h-hCG; EF5, immunofluorescent staining of EF5 using the same tissue slide; b-hCG + EF5, merged image of h-hCG and EF5; DAPI, nuclear staining of the same slide, showing no edge or folding artifacts in this tissue section. Bar, 500 Am. B, correlation between cellular pimonidazole staining (assayed by flow cytometry) and urinary h-hCG (assayed by electrochemiluminescent immunoassay) in 5HRE-RKO tumor growing in SCID mice (n = 10; r = 0.66, r 2 = 0.40, and P = 0.0037). C, increased pimonidazole staining (assayed by flow cytometry) and urinary h-hCG levels (assayed by electrochemiluminescent immunoassay) in 5HRE-RKO xenografts treated with 10% O 2 (n = 10) compared with room air-treated controls (n = 10).
the saline-treated and flavopiridol-treated mice was f2-fold. This is consistent with the data reported for other in vivo systems that used HRE-based luciferase reporters for assessing the efficacy of HIF-1 inhibitors. Kung et al. (15) showed a 50% decrease in the luminescence ratio of hypoxia reporter activity (normalized to a constitutive internal control) after two doses of chetomin injection. Only two mice were used per group; therefore, there was no statistical analysis. Rapisarda et al. (40) noted progressive increases in luminescence in the vehicle-treated mice compared with stable or slight decreases in luminescence in the topotecantreated mice. All values were normalized to the calculated tumor volumes. These mice were treated with low-dose topotecan continually for 10 days, a schedule similar to ours for flavopiridol.
Our in vitro and in vivo data suggest that flavopiridol, when administered at low doses, decreases the levels of HIF-reporter genes. Flavopiridol has been shown to be a broad mRNA synthesis inhibitor, but at lower concentrations selectively inhibits inducible mRNAs (31) , such as those regulated by HIF-1a. Similarly, low-dose flavopiridol (100 nmol/L) blocks the 5HRE reporter genes significantly but leaves the CMV reporter genes mostly unchanged.
Although immunoblot analysis shows no significant inhibition of HIF-1a protein levels during hypoxia, flavopiridol may be working as a selective inhibitor of mRNA synthesis by blocking induction of the HRE-regulated reporter transcript. This effect is specific to the inducible mRNA species as we observed no effect on the CMV regulated reporter.
In summary, we have developed a cost-effective and noninvasive system for real-time monitoring of tumor hypoxia in vivo. This system is responsive to different manipulations of tumor oxygenation and has the potential to be used for in vivo studies with compounds targeting HIF-1a and HIF-1a-mediated gene expression. showing a difference in urinary h-hCG levels between flavopiridol-treated mice (5 mg/kg/d for 10 days) and DMSO control mice. Mice were matched for pretreatment urinary h-hCG levels (day À1). Seventeen mice were used per group and urine was collected every other day during treatment. Points and columns, mean; bars, SE. Left, serial urinary h-hCG levels during treatment. P values (flavopiridol versus control) are 0.09 and 0.10 for days 6 and 8 and >0.10 for the remainders. Right, mean and SE for pooled day 6 to 10 urinary h-hCG values for flavopiridol-treated compared with control mice (P = 0.01).
